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INTRODUCTION
Within a few years after the 1895 discovery of X rays by German physicist Wilhelm Conrad Roentgen, ionizing radiation was used in treating malignant diseases and has since been proven to be an effective and indispensable treatment modality (1, 2) . The efficacy of radiotherapy, however, comes at the expense of normal tissue injury, which has been the chief dose-limiting factor in radiotherapy (3, 4) .
Various strategies have been developed to circumvent these dose-limiting side effects to increase the treatment efficacy of radiotherapy (2, 5) . Despite these measures, the incidence of radiation normal tissue injury remains frequent, and the prevalence of these complications increases with time in cancer survivors, with the current overall postradiotherapy complication rate being approximately 18% (3) .
Local irradiation is a common treatment modality for malignancies of the pelvic-abdominal cavities such as prostate, pancreatic, cervical, rectal and endometrial cancers (6) (7) (8) . The pelvis-abdomen region is sensitive to radiation injury, partially because of the susceptibility of the fastrenewing epithelial cells in the gastrointestinal (GI) tract to ionizing radiation (9, 10) . However, adverse effects of pelvic-abdominal irradiation on the skeleton are not rare. The frequently reported skeletal complications after pelvicabdominal irradiation include regional and systemic osteoporosis, osteonecrosis and nonmalignancy fracture (11, 12) . Diagnosis of these skeletal complications is often prompted by patient's complaint of pain from fractures at the affected bones. The median time for a fracture diagnosis is between 6 to 16.9 months after radiotherapy in female patients treated for pelvic malignancies, with a 5-year cumulative prevalence ranging from 13% to 45.2% (11, 13, 14) . The respective numbers for male patients treated for prostate cancer are 20 months and 6.8% (12) . Although a spatial proximity between the site of bone complications and the field of prior irradiation is present in some of the reported cases, the cause-effect link is noticeably missing in the others. For instance, in a randomized prospective study, femoral fracture was found in 6.7% of a total 1,716 breast cancer patients 1 year after treatment with local radiotherapy to the chest wall (15) . This fracture rate is more than 20 times higher than the overall annualized hip fracture rate among breast cancer patients reported in another prospective study of 4,804 subjects being followed up for an average of 3.9 years after diagnosis (16) . These latter studies clearly demonstrate that the high fracture rate in breast cancer patients receiving radiotherapy is not the consequence of significant direct radiation exposure of the bone, and thus the occurrence of nonmalignancy bone complica-tions in cancer patients cannot be ascribed solely to the prior direct exposure of the affected bones to radiation.
The etiology of nonmalignancy bone complications in cancer patients treated with radiotherapy remains unclear and seems to be multifactorial. Cumulative evidence suggests the role of abscopal effects in the development of injuries in normal tissues including the skeleton after local radiotherapy. The term ''abscopal'' was first introduced into the field of radiation biology some 50 years ago by Mole to describe biological responses detected at sites distant from the site of radiation in the same organism (17) . The occurrence of abscopal effects has been recorded, however scantly, in various systems from patients to experimental animals, in different types of tissues from cancerous to normal, and in a wide range of forms of life from humans to plants (18) (19) (20) (21) (22) (23) (24) . We have previously reported a rapid abscopal suppression of the bone marrow stromal cell population in mice after abdominal irradiation (25) . Bone marrow stroma hosts the progenitors of boneforming and resorbing cells and regulates the survival and function of these progenitors and their progeny (26) . Abscopal suppression of bone marrow stroma after abdominal irradiation would inevitably have consequences on these bone cells and the skeleton.
In the present study, we tested the hypothesis that abdominal irradiation can induce deterioration of the skeleton outside the radiation field in an abscopal fashion. Analyses were performed at two times after irradiation. At the early time (day 7), mice exposed to an intermediate dose (15 Gy) and a high dose (20 Gy) started to exhibit a clearly divergent path in their overall health conditions. A comparison of various analytical end points between these two radiation groups at this time could provide pivotal evidence on whether the suspected abscopal damage to the bone is the functions of radiation morbidity and mortality. This is particularly important when a clinically relevant dose is concerned. At a later time (day [10] [11] [12] [13] [14] , the mice exposed to various doses of radiation were almost fully recovered from radiation illnesses. The skeleton was examined at this time to determine whether the radiationinduced skeletal response is associated with the overall health/physical conditions of the mice after the acute phase of radiation sickness has passed. We report here on the loss of bone mass and strength of the mouse skeleton 7-14 days after abdominal irradiation under a single-dose or fractionated radiation scheme at biologically equivalent doses (BEDs) that are clinically relevant.
MATERIALS AND METHODS

Mice
Male C57BL/6 mice were purchased from Harlan Laboratories (Indianapolis, IN) and fed ad libitum with clean water and standard laboratory rodent chow containing 23.5% protein, 6.5% fat, 3.8% fiber, 6.8% ash, 3.3 kcal/g, 3.3 IU vitamin D3/g, 1.0% calcium, and 0.65% phosphorus (Formulab Diet 5008, LabDiet, St. Louis, MO).
The mice were group-housed in plastic cages, 4-5 mice per cage, under standard laboratory conditions with a 12:12-h light/dark cycle, humidity of 48%, and a constant temperature of 228C. After an acclimatization period of 2 weeks, the mice were used for experiments at 10-12 weeks of age. At this age mice have ceased the rapid growth of the skeleton and the fast accumulation of bone mineral content but have not started to undergo the loss of bone mass that occurs at approximately 3.5-4 months of age. The size of mice at this age is almost uniform, with the coefficients of variation being 2.46% for body weight, 8.91% for fat content, 2.46% for total-body bone mineral density (BMD), and 4.55% for total-body bone area, as determined in a pilot experiment using a cohort of 22 age-and gender-matched intact mice (unpublished data). All procedures used in this study were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Arkansas for Medical Sciences.
Animal Treatments
The mice were individually tagged with an electronic identification chip (Bio Medic Data Systems, Inc., Seaford, DE), randomized and given a single-dose (5, 10, 15 or 20 Gy) or fractionated (3 Gy per fraction, 2 fractions per day for 7.5 consecutive days) X ray to the abdomen. The biologically equivalent doses (BEDs) were 7.5, 20, 37.5 and 60 Gy in the single-dose irradiation scheme and 58.5 Gy in the fractionated irradiation scheme, respectively. These BEDs are within the dose limit (,74 Gy) used in the clinic to treat malignancies residing in the pelvis-abdomen area (6) (7) (8) 27 ). Mice exposed to 0 Gy were used as sham controls. The mice were inspected twice a day and body weight was recorded daily for up to 14 days after the completion of irradiation. Radiation was delivered to the abdomen at a dose rate of 1.079 Gy/min (150 kVp and 6.6 mA) using a Faxitron X-ray Generating System (CP-160, Faxitron X-Ray Corp., Wheeling, IL) as described previously (25) . Non-abdomen body parts including the skeleton were shielded with a custom-made cerrobend block. We have reported that the shielding efficacy is .97.5% at a targeted single dose of 20 Gy, and the backscattered radiation (approximately 50 cGy) under this shielding plan does not induce detectable changes in bone marrow cell viability and activity (25) .
In a separate experiment, mice were placed under food restriction with free access to drinking water. The standard murine chow pellets were cut into small pieces weighing 0.2 g each (approximately 1% of the average body weight of the mice). The mice were fed once a day, one piece per mouse. Mice being fed the regular diet were used as controls. The mice were inspected twice a day and body weight was recorded daily for up to 7 days after the start of food restriction.
Longitudinal Measurement of Bone Mineral Density (BMD) and Body Mass Composition by Duel-Energy X-Ray Absorptiometry (DEXA)
Bone mineral content and body mass composition were determined in live mice 1 day prior to abdominal irradiation (baseline) and at day 7 to 14 after irradiation (final, specified in individual experiment). The early time (day 7) was when the mice exposed to a single dose (15 or 20 Gy) of radiation started to diverge in their overall health/physical conditions, while the later times (day 10 or 14) represented the time when the irradiated mice were close to a full recovery of their overall health from the radiation morbidity. BMD was determined using the standard DEXA technique as described previously (28, 29) . Precision of the Piximus was determined by repeated measurements of five animals, five times each. Our mean intraindividual coefficients of variation were 1.7-2.0% for total-body BMD (28) and 1.7% for femoral BMD (29) , consistent with previous reports (30) . Briefly, mice under ketamine/xylazine anesthesia were scanned using the Lunar Piximus-II Bone Densitometer (GE Lunar Corp., Madison, WI) with the total-body mode and a resolution of 0.18 3 0.18 mm. Wholebody areal BMD (g/cm 2 ) and body mass composition consisting of fat and lean mass were determined automatically by the software Lunar ABSCOPAL DEGRADATION OF THE SKELETON PIXImus 2.10. (GE Lunar Corp.) in a subcranial total-body region of interest (ROI) with the exclusion of the head and the electronic identification chip. BMD of specific sites of the skeleton or subregions of individual bones was acquired with manual placement of ROI as follows: ROI for the lumbar included lumbar vertebrae 1-5; the femur and tibia were measured between the articular joints at the proximal and distal ends of the bones; the proximal, mid-shaft and distal femur or tibia enclosed the corresponding one-third of the respective subregion of the bone. Baseline and final measurements of body mass composition, total-body BMD, BMD of individual bone, and BMD at a sub-region within an individual bone were used to determine the percentage change in BMD at the corresponding site of the skeleton for each mouse. The calculated percentage change in the BMD for the same type of long bone of both sides of each mouse or values of the same sub-region of each type of long bone of both sides of each mouse were averaged to determine the percentage change in BMD at that specific site of the skeleton for that mouse. These calculated values for each category for the mice of the same treatment group were then used to obtain the means and standard deviation/error for that group.
ELISA Measurement of Bone Turnover Markers in Serum
Blood was collected via retro-orbital bleeding prior to euthanasia at day 7 postirradiation after a single dose of radiation. Serum from each mouse was analyzed individually in duplicate for the bone formation marker osteocalcin (OCN) using the Mouse Osteocalcin EIA Kit (BTI Biomedical Technologies, Inc., Stoughton, MA) and bone resorption marker tartrate-resistant acid phosphatase 5b (TRAP5b) using the MouseTRAP Assay (Immunodiagnostic Systems Inc., Fountain Hills, AZ) following the instructions of the manufacturers. The average value of the duplicate measurements was obtained for each mouse.
Differentiation of Osteoblasts and Osteoclasts In Ex Vivo Bone Marrow Culture
After bleeding, the mice were euthanized by cervical dislocation. Bone marrow cells from the left tibia and left femur of the same mouse were pooled and processed individually in triplicate for ex vivo osteoblast and osteoclast formation as described previously (31, 32) . The average value of colony/cell counts in the triplicate wells was determined for each mouse.
Biomechanical Test of the Femurs and Tibiae
At euthanasia, the right tibiae and femurs were excised and stored at 48C in saline supplemented with antibiotics until testing. Bone strength at the mid-shaft femur and tibia was analyzed by the standard 3-point bending test following a published method (33, 34) with modifications made for murine bone testing (35) . The method and nomenclature of biomechanical testing are in accordance with the published guidelines (36) . In brief, the bones were brought to room temperature and remained in saline to prevent dehydration prior to testing. A 3-point bending test was performed using a servohydraulic 858 Mini Bionix II Test System load frame (MTS Systems, Eden Prairie, MN) with computer control, data logging and automatic calculations of load to failure using TestWorks 4.0 (MTS Systems). All bones were positioned in the same way with their anterior side (convex surface) down on two horizontal supports spaced 7 mm apart, with the central loading point contacted the posterior surface (concave surface) of the diaphysis at the midpoint of the bone length. This positioning method prevents the rotation of the bones. No additional stabilizing measure was applied to the bones. The tip of the loading point is rounded to avoid cutting into the bone surface during the test. After applying a pre-load of 0.1 N to the posterior center of the bone, the loading point was displaced downward (transverse to the long axis of the bone) at 0.1 mm/s until failure, generating bending in the anteroposterior plane. Load displacement data were recorded at 100 Hz (TestWorks 4.0, MTS), and from the load-displacement curve the following mechanical parameters were determined for the mid-shaft of the tested bones: peak load (Newtons) which is a measure of the resistance to permanent deformation, and stiffness (Newton/mm), which is a measure of rigidity or resistance to fracture. Stiffness was calculated from the slope of the linear portion of the load-displacement curve.
Statistical Analysis
The test of differences in the mean values among groups was performed by linear regression and by one-way ANOVA using the Student-Newman-Keuls post hoc comparison procedure, and the longitudinal comparison within the same group by t test. P , 0.05 was considered statistically significant.
RESULTS
Loss of Body Mass after Abdominal Irradiation
Consistent with our previous report (25) , loss of body weight was evident after a single dose of radiation to the abdomen starting 1 day after irradiation regardless of dose ( Fig. 1A and B) . Weight loss in mice exposed to radiation at 20 Gy progressed with time until the end of the experiment, i.e., day 7 after irradiation, when the mice in this radiation group would soon have started to die, as established previously (25) . Mice exposed to radiation at 15 Gy were able to regain the lost weight starting at day 5 postirradiation and would have all survived (25) . Weight loss in mice exposed to 5 or 10 Gy radiation was much milder, and body weight recovery started 3 days after irradiation. The maximum weight loss was dependent on radiation dose.
Similar weight loss also occurred in mice after fractionated abdominal irradiation (Fig. 1C) . Although the biologically equivalent dose (BED) of the fractionated abdominal irradiation scheme was virtually identical to that from 20 Gy given in a single fraction (58.5 Gy compared to 60 Gy) and the maximum weight loss was similar for both groups, mice given fractionated abdominal irradiation started to regain their body weight 4 days after the last fraction and reached 91.5% of the baseline body weight by day 10 days after the completion of irradiation. All animals survived this irradiation scheme.
Regression analysis of the body mass composition (Fig.  1D ) measured in mice 7 days after 15 or 20 Gy abdominal irradiation showed that the loss of total body weight was proportional to the loss of lean mass (R 2 ¼ 0.9508, P , 0.001), while the extent of the loss of fat mass was similar between the two radiation groups (P . 0.05) at day 7 after irradiation.
Suppressed Bone Formation Activity after Abdominal Irradiation
ELISA analysis of bone turnover markers in serum revealed a dose-dependent suppression of the serum bone formation marker osteocalcin (OCN) at day 7 postirradiation, while the serum bone resorption marker tartrateresistant acid phosphatase 5b (TRAP5b) unaffected (Fig.  2A) . These results were consistent with the ex vivo 626 differentiation capacity of the progenitors of the boneforming osteoblastic cells and bone-resorbing osteclasts (Fig. 2B) . These findings illustrate a dramatic suppression of bone-formation activity but virtually unchanged bone resorption activity after abdominal irradiation.
Loss of Total-Body Bone Mineral Density (BMD) after Abdominal Irradiation
Seven days after a single dose of 15 or 20 Gy (37.5 and 60 Gy, respectively, in BED), a respective 2.2% and 3.1% net loss in total-body BMD was detected as opposed to a 0.5% net gain in the sham controls (Fig. 3) . Regression analysis showed a strong correlation between the loss of fat mass and the loss of total-body BMD (R 2 ¼ 0.475, P , 0.001), but no correlation was found between the loss of total-body BMD and the loss of either total mass (R 2 ¼ 0.1002, P . 0.05) or lean mass (R 2 ¼ 0.0267, P . 0.05), indicating that the loss of total-body BMD after abdominal irradiation was not simply a result of reduced mechanical loading on the skeleton due to decreased weight bearing and/or muscle strength, two common causes of disuse osteoporosis as a result of skeletal adaptation (37) .
To verify the lack of a relationship between the rapid decrease in body weight and the loss of total-body BMD after abdominal irradiation, changes in BMD were measured in mice placed under food restriction. Weight loss in these mice started from day 1 of food restriction, progressed with time, and reached a weight loss of 30.4% (À29.1% to À33.5%, n ¼ 7) from baseline by day 7. The pace and extent of weight loss in food-restricted mice were comparable with those in mice given abdominal irradiation at a single dose of 20 Gy. Changes in lean mass and fat mass were À28.1% (SD ¼ 3.5%) and À39.0% (SD ¼ 6.0%), respectively, by day 7 of food restriction, also comparable to those after 20 Gy abdominal irradiation. Total-body BMD increased 0.21% (SD ¼ 1.71%) by day 7 of food restriction, similar to the BMD changes in sham controls (P . 0.05 compared to sham controls) but significantly different from the irradiated groups (P , 0.05 compared to 15 Gy or 20 Gy). Together, these data demonstrate the minimal contribution of weight loss to the rapid loss of BMD in mice 7 days after abdominal irradiation.
To determine whether the loss of total-body BMD occurred at lower doses of radiation, mice were exposed to a single fraction of radiation to the abdomen at 5, 10 and 15 Gy (7.5, 20 and 37.5 Gy, respectively, in BED) and assessed for BMD change 14 days later. A decrease in totalbody BMD was induced by radiation at 10 and 15 Gy but not at 5 Gy, and the change was dependent on dose (Fig.  5A) . Compared with the extend of BMD change at day 7 postirradiation, the loss of BMD was greater at day 14 postirradiation after a single dose of 15 Gy (P , 0.05 compared to day 7).
To further assess the skeletal response to local irradiation that mimics the clinical setting of radiotherapy, mice were given fractionated abdominal irradiation with a BED of 58.7 Gy. A 6.2% loss of total-body BMD was detected in the irradiated mice 10 days after the last fraction (Fig. 6A) despite the fact that the mice had regained 91.5% of the preirradiation body weight (Fig. 1C) , and all survived to this point with the overall health conditions greatly improved.
Postirradiation Bone Loss Was Bone Type-and RegionSpecific
Examination of three bones (lumbar vertebrae, femurs and tibiae) that are most relevant to osteoporosis-related fracture revealed that the changes in BMD after abdominal irradiation differed among skeletal sites. Tibiae and femurs exhibited a consistent loss of BMD detected 7 and 14 days after a single dose of radiation to the abdomen, and the dose dependence of the loss of BMD was clearly present at day 14 postirradiation (Fig. 4 and Fig. 5B) . Compared with the BMD change at day 7 after irradiation, the loss of BMD in the femur deteriorated at day 14 postirradiation after a single dose of 15 Gy (P , 0.05 compared to day 7), while the extent of loss of BMD in tibia remained the same. Similar to the bone loss induced by single doses of radiation, fractionated doses of radiation also resulted in a loss of femoral and tibial BMD 10 days after the last fraction, with the femur exhibiting a greater loss (Fig. 6B) . Unlike the tibia and femur, changes in lumbar vertebral BMD after abdominal irradiation under both radiation schemes were mainly a reduction in BMD accumulation, and the difference between the irradiated groups and shamirradiated controls was not significant (Figs. 4 , 5B and 6B).
When a femur or tibia was further divided along the axis into three regions with equal length, a greater loss of BMD was detected in regions rich in cancellous bone (i.e., the proximal and distal thirds of the femur as well as the proximal two-third of the tibia) 7 days after a single dose of radiation at 15 or 20 Gy (Fig. 7) . The BMD loss in these regions showed a trend of dose dependence. The regions dominant with cortical bone (i.e., the mid-shaft femur and distal third of the tibia) showed only a modest decrease in BMD 7 days after a single dose of radiation at 15 or 20 Gy (P . 0.05 compared to sham) (Fig. 7) .
Deterioration of Bone Strength after Abdominal Irradiation
To test whether abdominal irradiation also affected the biomechanical properties of the bones, peak deformation load and stiffness were measured at the mid-shaft tibia (rich in cancellous bone) and mid-shaft femur (rich in cortical bone) using a standard 3-point bending. Seven days after exposure to a single dose of radiation at 15 Gy and 20 Gy, the respective values of peak load were 11.2% and 14.2% lower and the respective stiffness values were 11.5% and 25.0% lower in the two irradiated groups than in shamirradiated controls for the mid-shaft tibia (Fig. 8) . Regression analysis showed that the values for peak load and stiffness were inversely correlated with the percentage loss of BMD at the mid-shaft tibia (peak load as a function of percentage 
DISCUSSION
Radiotherapy-related bone complications have been recognized since the application of ionizing radiation on patients nearly a century ago, and they continue to be one of the treatment-related nonmalignant conditions that could considerably compromise the quality of life of patients (38) . Retrospective study is the most common method to examine the relationship between radiotherapy and the development of bone complications. However, the majority of these studies examined the adverse impact of radiotherapy only on the skeletal sites directly exposed to radiotherapy (11, 12, 39) . Whether local radiotherapy could result in systemic adverse effects on the unirradiated skeleton, however, remains unclear (15, 16) . Using a mouse model, we have obtained unequivocal evidence that abdominal irradiation induced a rapid deterioration of not only the quantity (BMD) but more importantly the quality (strength) of the unexposed skeleton. This finding demonstrates that radiation damage to the bone does not require a direct radiation exposure of the bone. This form of radiation damage to the skeleton presents a previously unrecognized side effect of radiotherapy.
In the present study we compared the changes in the mouse skeleton under two radiation schemes. The singledose scheme delivers a desirable BED in a simplified manner, and the fractionated scheme bears more resemblance to the clinical use of local radiation (6) (7) (8) .
Abdominal irradiation at clinically relevant BEDs (,74 Gy) (6) (7) (8) 27 ) under either scheme triggered a substantial loss of BMD, and a dose-dependent decrease of BMD was clearly present at all sites of the skeleton tested under the single-dose radiation scheme. This observation indicates that the abscopal damage to the skeleton elicited by radiation is an intrinsic component of the side effects of local irradiation. Our findings from the fractionated radiation experiment are more intriguing. It is generally believed that the severity of tissue injury after irradiation decreases with increasing fraction number and/or intervals between fractions (40, 41). The abscopal damage to the skeleton by radiation, however, did not seem to be eased by fractionation, because similar extents of bone loss were elicited by a BED of approximately 60 Gy given in either a single dose of 20 Gy or 15 fractions of 3 Gy each. Together, these observations suggest that the radiation-induced abscopal damage to the skeleton is little affected by the extent of overall radiation morbidity and mortality, and the intervals between fractions intended to reduce normal tissue radiation injury in the clinic may not be effective at minimizing the abscopal damage to the skeleton.
The two postirradiation times selected for skeletal assessment represent two phases of normal tissue radiation injury. The early time (day 7) approximately resembles the final stage of acute radiation morbidity, when the mice exposed to the intermediate dose (15 Gy) and high dose (20 Gy) of radiation started to exhibit clearly divergent directions in their overall health/physical conditions. At the later times (day 10-14), mice exposed to radiation were almost fully recovered from radiation illnesses. Our findings at these two postirradiation times indicate that the abscopal degradation of the skeleton after abdominal irradiation is not only a detrimental event that occurs early but also an injury that progresses with time (at least in the total skeleton and the femur after a single dose of radiation at 15 Gy, or a BED of 37.5 Gy). More importantly, this progression of postirradiation bone loss is present at the time that the overall health conditions of the irradiated individual have greatly improved. This observation is clinically relevant, because this later time with an overall improved health/ physical conditions in mice resembles the post-therapy stage FIG. 6 . Changes in BMD 10 days after the completion of fractionated irradiation. Mice were subjected to fractionated X irradiation of the abdomen at 3 Gy per fraction, 2 fractions per day for 7.5 consecutive days. BMD was determined at baseline and at 10 days after the last fraction. Panel A: Changes in total-body BMD. Panel B: Changes in BMD in the femur, tibia and lumbar vertebrae. Data points are means 6 SE, n ¼ 8; experiment was performed once. #: P , 0.05 compared to sham, P , 0.05 compared to 10 Gy. 630 in the clinic when the initial phase of tumor control and radiation morbidity management is successful and the quality of life of patients becomes a primary focus in patient care. We are investigating the long-term impact of abdominal irradiation on the mouse skeleton and are trying to address questions such as how long the progression of the loss of BMD persists after irradiation and whether the lost BMD will be regained over time as in the case of maternal BMD changes during lactation and after weaning (42, 43) .
It is important to point out the rapidity and severity of the loss of BMD observed in our model compared with that induced by two common causes of osteoporosis. The annual loss of BMD ranges from 7.8% for the whole skeleton and 0.7% to 9.9% at the femoral neck in patients with glucocorticoid excess-induced osteoporosis (44, 45) . In the case of sex steroid deficiency-induced osteoporosis, the annual rate of BMD loss in postmenopausal women ranges from 0.7% in the total skeleton to 4% in the spine (46) , and approximately 4 weeks is required in gonadectomized rodents to show a 3-4% loss of total-body BMD and 5.3-10% loss of BMD in the lower limbs (47, 48) . In contrast, it took only 7-14 days for the mice to lose BMD of this magnitude in the total skeleton and the long bones after abdominal irradiation. Our findings suggest that the bone loss after irradiation is more severe and occurs at a much faster rate compared with bone loss associated with menopause or glucocorticoid excess.
We detected a greater loss of BMD in the trabecula-rich regions than in the cortex-rich regions in long bones. Regional variations in bone turnover activities between cancellous and cortical bone are commonly observed (49, 50) . It is unclear whether this regional difference in abscopal bone loss after abdominal irradiation is due to a more active bone resorption on the trabecular surface and whether endosteal/periosteal resorption of the cortical bone also contributes to the detected bone loss in the femur and tibia. We also noticed that the BMD of the lumbar vertebrae, a site rich in cancellous bone, was only modestly affected by radiation. This is in strong contrast to the decrease in BMD detected in the trabecula-rich regions of (46, (51) (52) (53) . It is unclear at present whether the site-specific difference in the extent of BMD loss in our model is due to a delayed response of lumbar vertebrae as seen in the anabolic effects of PTH on the skeleton (54) or represents a true resistance of lumbar vertebrae to the abscopal actions after abdominal irradiation. Further investigation is needed to address these important questions.
Severe loss of bone mass is often manifested as insufficiency fractures when the biomechanical strength of a bone decreases below the threshold required for the bone to perform normal activities (55, 56) . Although local and systemic osteopenia and osteoporosis are the common forms of postradiotherapy nonmalignancy bone complications, they often go undiagnosed until the development of clinical symptom, i.e., nonmalignancy fractures at the affected bones (11, 12, 38, 39) . In the present study, the rate of deterioration of bone strength after abdominal irradiation was at least two to three times faster than in mouse models of primary and secondary osteoporosis (31, 47) . Our demonstration of a rapid (day 7) loss of bone strength in the unirradiated tibia after abdominal irradiation provides the first direct evidence that postradiotherapy fractures could result from the abscopal impact of local irradiation on the unirradiated skeleton.
In the present study, bone strength was tested only at the mid-shaft of the tibia and femur. The exclusion of the distal and proximal regions of these bones from biomechanical testing, however, is not an indication of the insignificance of the bone strength in these regions but rather a reflection of our technical limitations. The proximal region of the femur, for instance, is in fact one of the most commonly diagnosed fracture sites after local radiotherapy (38) . Given that the extent of BMD loss in these regions was similar to or even greater than that in the mid-shaft tibia, we suspect that a loss of bone strength also occurred in these regions after abdominal irradiation. Furthermore, since the loss of BMD in the femur and tibia after fractionated irradiation was at least as severe as the loss after a single dose (15 Gy), we suspect that a similar or greater degree of decrease in bone strength occurred in these bones after fractionated irradiation.
The loss of bone strength after abdominal irradiation was twice as great as the loss of BMD at the mid-shaft tibia 7 days after a single dose, and only a weak, although significant, correlation was found between the loss of bone strength and the loss of BMD at the tested mid-shaft tibia. These observations suggest that other factors in addition to the loss of BMD might also contribute to the impaired bone strength. An alteration in bone geometry (e.g. the size of a bone) and/or microarchitecture (e.g. trabecula connectivity) of the bone, for instance, can result in a change in bone strength with or without BMD change (57). We do not know at present how much of the detected loss of bone strength is attributable to the loss of BMD and whether the radiation exposure also significantly altered the geometric and structural features of the tested bones.
The mechanisms for the radiation-induced abscopal response in the skeleton are unclear. In recent years, a number of candidate molecules have been proposed as intermediates between localized radiation and abscopal tissue responses (58, 59) . We showed earlier that the abscopal suppression of bone marrow after abdominal irradiation is mediated by elevated oxidative stress (25) . Reactive oxygen species (ROS) modulate bone cell survival and activity as well bone metabolism (60, 61) and could play a role in the abscopal response of the skeleton after abdominal irradiation. In the present study, the strong association between the loss of total-body BMD and the loss of fat mass after abdominal irradiation suggests the involvement of adipose-derived signaling in postirradiation bone loss. However, food restriction also induced a similar loss of fat mass but did not cause bone loss in our control experiment, suggesting that the adipose-derived signaling alone is not sufficient to lead to a rapid bone loss or the adipose-derived signaling after irradiation differs from that induced by fasting in bone metabolism regulation. Serotonin is another candidate molecule. The gut-derived serotonin exerts deleterious effects on bone (62, 63) , and its secretion is stimulated by radiation (64) . Whatever the case, further investigation is required to elucidate the mechanism(s) responsible for radiation-induced local systemic compromise of the skeleton.
In the present study, total-abdomen irradiation was used as a tool to elicit biological responses. Caution must be used when extrapolating the results from this study into clinical implication, because total-pelvis or total-abdomen irradiation is rarely used in radiotherapy (6) (7) (8) and radiation dosevolume effects (65) (66) (67) could have well been amplified in our model. Young male mice were used in the present study. Whether the observed abscopal effects of abdominal irradiation on the skeleton are age-and/or gender-dependent are unknown.
Localized irradiation is a frequently used treatment modality for malignancies in the pelvic-abdominal cavity. Nonmalignancy bone complications, frequently in the form of bone loss and in many cases diagnosed only after the occurrence of fractures, are common postirradiation complications with elusive causes and few treatment options. We present evidence that abdominal irradiation at clinically relevant BEDs induces a rapid loss of BMD in mice after either single-dose or fractionated irradiation. This loss of BMD is accompanied by an even larger decrease in bone strength. The observed effects of abdominal irradiation on the mouse skeleton illustrate a robust but previously overlooked response of the bone/bone marrow to local non-bone irradiation. Our findings suggest that abscopal degradation of the skeleton is an important risk factor for nonmalignancy fracture in unirradiated bones after local radiotherapy to the pelvic-abdominal area. Skeletal radiation damage of this form might present a novel therapeutic target for the prevention and treatment of skeletal complications associated with localized radiotherapy.
